I. INTRODUCTION
Fractional calculus represents the generalization of the integration and differentiation to an arbitrary order. There is currently a continuously increasing interest in generalizing classical control theories and developing novel control strategies that use fractional calculus. The most commonly used method for controlling a great range of processes is the PID controller, which is in fact a special case of fractional order PIμDλs. The design problem of fractional order controllers has been the interest of many authors, with some valuable works, in which the fractional order controllers have been applied to a variety of processes to enhance the robustness and performance of the control systems [1] - [4] . The choice of fractional order PIμDλ controllers is based on their potential to improve the control performance, due to the supplementary tuning variables involved, μ and λ. Since the fractional controller has more parameters than the conventional controller, more specifications can be fulfilled, improving the overall performance of the system and making it more robust to modeling uncertainties. Apart from the fractional order PIμDλ controller, some extensions and generalizations of advanced control strategies using fractional calculus have been previously proposed, such as fractional optimal control [5] , fractional fuzzy adaptive control [6] , fractional iterative learning control [7] , fractional predictive control [8] and fractional model reference adaptive control [9] to name just a few.
The internal model control (IMC) based PID controller has gained widespread acceptance in the control community, mainly because of the simplicity in the design that is based upon inverting the process model. The IMC approach has been proposed as a method for tuning fractional order PI μ D λ based on a bandwidth specification [10] , for first order plus time delay process [11] and a class of fractional order systems [12] [13] [14] . In this paper, a novel tuning algorithm is proposed for a fractional order IMC (FO-IMC) controller, as compared to the existing design approaches [10] [11] [12] [13] [14] . An integer order IMC controller is first tuned to meet settling time requirements. Next, the FO-IMC controller is tuned according to the same performance specification. However, due to the supplementary tuning parameter, the fractional order of the FO-IMC filter, a second performance criterion is imposed to increase the closed loop performance and the robustness of the controller. The simulation results, considering modeling errors, show that the proposed FO-IMC controller offers better closed loop results as compared to its integer order version.
II. TUNING ALGORITHM
The basic structure of the IMC is shown in Fig. 1 , where H p (s) is the process transfer function, H m (s) is the model of the process, H FO-IMC (s) is the fractional order IMC controller transfer function and H c (s) is the equivalent fractional order controller.
Considering the second order time delay process, described by the following transfer function:
where m  is the process time delay. 
To tune the FO-IMC controller, a new tuning technique is proposed, that allows the computation of the time constant λ and the fractional order α based on two imposed performance specifications, a specified gain crossover frequency, ω gc , and a phase margin, γ. The specified ω gc is given in order to ensure a certain closed loop settling time, while an increased phase margin will ensure increased stability of the closed loop system. The phase margin condition is written in a mathematical form as: The gain crossover frequency condition is written in a mathematical form as:
which leads to:
To compute the values for λ and α, a graphical approach is used in which for different values of α, relations (6) and (8) 
III. CASE STUDY: SECOND ORDER TIME DELAY PROCESS
To exemplify the tuning procedure described in the previous section, the following second order process is used as a case study: The Bode diagram of (11) is given in Fig. 2 , yielding a gain crossover frequency ω gc =0.06 and a phase margin, o . To tune the FO-IMC controller, based on (6) and (8), the same gain crossover frequency is imposed of 0.06 rad/sec, while the phase margin is increased for improved performance γ=60 o . Fig. 3 presents the graphical representation of the solutions of (6) and (8) Fig. 6 presents the simulations results considering a +30% variation of the time delay, while Fig. 7 shows the simulation results considering a+50% variation of the process gain.
The comparative results in terms of settling time and overshoot are given in Table I , showing the increased robustness of the proposed FO-IMC controller. 
IV. CONCLUSIONS
The paper presents a novel approach for tuning FO-IMC controllers in the frequency domain that is based on improving the closed loop performance and robustness of a classical integer order IMC controller. The simulation results considering a second order time delay system show that the proposed FO-IMC controller provides improved closed loop performance, despite modeling uncertainties, if compared to the integer order IMC.
